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Abstract: Introduction: Malaria is one of the strongest known forces of evolutionary selection in the
recent history of the human genome, having had important implications in human adaptation and in
the response to its infections. The objective of this systematic review was to provide an update on
human genetics that have been described as affecting the human susceptibility to malaria around
the world and particularly in Africa. Methods: Through world wide web research vectors and using
PubMed and Google Scholar, we reviewed relevant original articles, review papers, short reports,
and peer-reviewed papers on human genetics factors described as related to human susceptibility
to malaria. Here, we reviewed the literature on human genetic polymorphisms associated with
protection from Plasmodium infections and/or disease. Results: After reviewing and summarizing
140 manuscripts, we found that several factors appeared to hamper an effective control of malaria,
including the complex biology of Plasmodium parasites, parasite genetic diversity, environmental
factors, resistance to antimalarial drugs, and the lack of a highly effective vaccine for public health
use. Although the cellular and molecular regulatory mechanisms underlying the pathogenesis of
disease are still not fully understood, it is well-established that genetic determinants of the host
play an important role in the outcome of infection and the severity of the disease. Conclusions:
The interaction between malaria parasites and humans has led to the selection of several inherited
traits conferring protection against malaria, such as hemoglobinopathies, enzymopathies, and
immunogenetic variation, whilst others polymorphism describes susceptibility to the infection.
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1. Introduction

Although there has been a sharp decrease in malaria incidence and deaths over the past seven
years, malaria remains a major public health concern. The World Malaria Report of 2021 estimates
that there were 241 million malaria cases in 2020 in 85 malaria-endemic countries [1]. More than
10% of children in low-income countries, compared to less than 1% in high-income countries, die
before the age of five, primarily due to infectious diseases such as malaria, respiratory infections
and diarrhea [2]. The high level of genetic diversity of malaria parasites in the African continent
has been shown to hamper elimination strategies and sustains the high burden of the disease [3].
During its co-evolution with malaria parasites, the human genome developed adaptive mechanisms
of survival driving to phenotypic diversity. All of these phenomena contribute to the complexity of
malaria susceptibility. Therefore, a deep understanding of human genome diversity, the mechanism
of gene flow and adaptive processes may help develop and refine elimination strategies.

Malaria is an infectious disease transmitted to humans mainly by infested mosquitoes. Following
its introduction into the human body, the malaria parasite will undergo replication in the liver before
being released into the blood stream. Throughout its life cycle, the parasite is exposed to the host
immune system, which is developed to contain the progress of the parasite life cycle. As a result,
the parasite evolves mechanisms to evade host immune responses through redundant invasion
mechanisms and extensive genetic diversity in parasite surface antigens. All of these mechanisms
are sustained by specific genes; therefore, any change in gene sequence may result in changes
in the parasite evasion mechanism. Researchers believe that this ability makes the parasite more
adaptable when attempting to invade human cells. These functional mechanisms and recent findings
suggest that malaria outcome is influenced by diverse factors including environmental, parasite, and
host factors, e.g., genetics, nutrition, age, and immune status [4]. Biologically, the invasion phase of
red blood cell initiates a complex immune response involving cooperation between B-cells, T-cells and
antigen-presenting cells [5].

Malaria, the strongest evolutionary selective force in the recent history of the human genome [6],
leads to human adaptations that comprise some of the most common Mendelian diseases of
mankind [7]. These adaptative traits have evolved independently in different malaria-endemic
populations [8,9], such as hemoglobin S (HbS) and Hemoglobin C (HbC), which have risen to a
high frequency despite the fatal consequences for homozygote carriers [8].

In this review, we aim to outline host genetic factors that may influence human resistance and
susceptibility to malaria in order to demonstrate how the co-evolution of the malaria parasite and the
human host has led to the selection of human genetic factors and how these genetic changes have
been shown to limit malaria disease and mortality [8,10–13].

2. Methods

Through world wide web research vectors and using PubMed and Google Scholar, we reviewed
relevant original articles, review papers, short reports, and peer-reviewed papers on humans. We
systematically reviewed all of the relevant available articles, manuscripts and other review papers
that described the impact of the co-evolution between Homo Sapiens and plasmodium on the human
genome. The keys words were Hemoglobinopathies and Malaria, G6PD and Malaria, Evolution of
malaria parasite and human genome, Duffy blood group antigens and Malaria, ABO blood group
and Malaria, Glycophorins and malaria, and Immunogenetic factors and Malaria. We included
all articles that are related to human genetic determinants and susceptibility or resistance to
malaria. After removing duplicates, original articles, manuscripts, and short reviews that described
hemoglobinopathies and malaria, erythrocyte surface antigens and malaria, enzymopathies, and
malaria and immunogenetic factors related to protection against malaria were selected, read and
summarized on this review paper.
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3. Results and Discussion

We reviewed a total of 140 original articles, review papers, systematic reviews, and short
communications. The results show that recent genomic and genetic studies have provided evidence
that human adaptations play an important role in determining the outcome of initial infection for many
pathogens [14–16], including malaria [17]. While genome-based protection of humans from malaria
was attributed to additive genetic effects, only a small proportion was attributable to well-known
genetic factors [18], such as sickle-cell trait. The genetic basis of host resistance or susceptibility
to malaria is complex and polygenic, and has evolved over millennia as a result of interactions
between the human host, the parasite, and the environment [8]. Epidemiological data indicated
that human genetic factors explain approximately 25% of the malaria risk in Africa [19]. The first
studies of human genetic determinants of susceptibility to clinical malaria were conducted in the
1950s [20]. Since then, genomic approaches and genome-wide association analyses have identified
new genetic regions potentially contributing to host resistance to malaria [18,19]. While many human
genetics polymorphisms have been reported to be associated with resistance to malaria, few have
been reliably replicated [21]. A refined approach to host genetic susceptibility or resistance to malaria
would be fundamental for understanding host parasite interactions and may aid in the identification of
new therapeutic targets that leverage these naturally acquired host resistance mechanisms.

3.1. Hemoglobinopathies

Hemoglobin polymorphism was described as the first host genetic factors identified to contribute
to human risk to malaria [22], and, nowadays, several text books provide examples of
heterozygote advantages of evolutionary biology [22]. While sickle-cell trait is the most well-known
hemoglobinopathy [23], other hemoglobin polymorphisms have also emerged in endemic areas
and contribute to host resistance to malaria. Normal hemoglobin is known to have no impact on
malaria susceptibility. However, abnormal hemoglobin derived from mutations on the globin gene, on
modifications of nucleotides numbers, mispairing or crossover during meiosis, have been shown to
be related to susceptibility to malaria [24].

3.1.1. Hemoglobin S

Hemoglobin S (HbS) is the type of hemoglobin resulting from a mutation at position 6 of the β-globin
chain (β6Glu-Val). Although the homozygosity for hemoglobin S (HbSS) is associated with sickle-cell
anemia, individuals with the heterozygous variant for HbS (HbAS), especially young children, are
protected against severe malaria [25]. The mechanism through which the mutation provides
protection from severe malaria is still under investigation. However, the impairment of cytoadherence
by P. falciparum erythrocyte membrane protein-1 (PfEMP-1), a parasite major cytoadherence ligand
and virulence factor, with parasitized AS and SS erythrocytes may play a role in reducing symptomatic
and severe malaria [26].

HbS homozygosity (SS) leads to sickle-cell disease, which is debilitating and often fatal. The
disease is caused by red cell deformities that result from a structural defect, particularly at low oxygen
concentrations.

Genetically, the protein of hemoglobin is encoded by the β-globin gene (HBB gene) located on
chromosome-11 of human genome [27]. Even heterozygotes (AS), in which the A allele indicates the
non-mutant form of the β-globin gene, provide resistance to malaria [18]. It is universally accepted
that sickle-cell disease, which is caused by a single mutant gene, is responsible for the production of
different types of hemoglobin in several aspects from a normal hemoglobin [23,28]. Earlier studies
showed that more than 20% of Africans have the trait [29]. It is thought that malaria parasite growth is
suppressed in heterozygote AS individuals [18]. In 2001, a clear association was established between
sickle-cell anemia and reduced susceptibility to malaria [16,30]. Moreover, the prevalence of the HbS
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allele in malaria-endemic regions was shown to result from natural selection [16]. Haplotype analysis
of the pattern of single nucleotide polymorphisms (SNPs) in the β-globin gene cluster determined that
the HbS allele emerged at least twice, once in Africa and once in India or in the Middle East [31]. The
SNP responsible for HbS, rs334, was present at all African study sites, with heterozygote frequencies
in controls ranging from 0.05 (Malawi) to 0.22 (Nigeria) [21].

3.1.2. Hemoglobin C

Hemoglobin C (HbC) is a different structural variant of hemoglobin caused by an amino acid
substitution of lysine for glutamic acid at position six on the beta hemoglobin chain. The version is
equally encoded by the same region of the HBB gene found in several parts of West Africa, although
it is less common than HbS [32]. Homozygote individuals for HbC (HbCC) have a significant reduced
risk of malaria compared to normal HbAA [33]. A recent study indicated a diminished cytoadherence
of parasitized HbC erythrocytes as a mechanism of protection to malaria [34]. Heterozygotes (HbAC)
display more moderate protection against malaria and do not experience a significant reduction in
hemoglobin level, as demonstrated by Diallo et al. in Mali in 2004 [35]. Hemoglobin C (HbC) is
a host polymorphism resulting from an SNP at rs33930165. The geographic distribution of HbC is
considerably more limited than that of HbS, being centered on West and North-West Africa, with
the exception of a low-frequency corridor between West Africa and Egypt that appears to reflect the
patterns of human migration [36]. The prevalence of HbC varies by region in most West African
countries, while both HbS and HbC alleles co-circulate in the same populations [37]. However,
in Northern Ghana, the incidence of HbC heterozygotes (29%) was inversely proportional to the
frequency of sickle-cell trait [38].

The association between HbC and malaria susceptibility is found to be controversial. In
fact, a study conducted in Mali found that the incidence of clinical malaria was higher in HbAC
children compared to children carrying the HbAA trait [39], whereas in Burkina Faso, HbC has
been associated with a reduction in risk of clinical malaria [40]. Moreover, still in Burkina-Faso,
a family-based association study including 53 families living in an urban area revealed a negative
association between hemoglobin C levels and mild malaria episodes [41]. Several other studies have
demonstrated the protective effects of hemoglobin C trait against severe malaria among the Dogon
population in east-central Mali [11,40,42].

Early in vitro culture studies suggested a reduction in malaria parasite growth in HbC
erythrocytes [40]. However, this potential protective mechanism has not been supported by in vivo
studies [9]. New findings suggest that the expression of P. falciparum membrane protein-1 (PfEMP1),
an important red-cell adhesion protein, is reduced in carriers of the HbC trait. A dose–response
effect was observed, with the highest protection being detected in homozygotes [43]. More recently,
Travassos et al. concluded that hemoglobin C trait protects against clinical malaria in Mali [44].

3.1.3. Hemoglobin E

Hemoglobin E (HbE) is another structural variant caused by a glutamic acid to lysine substitution
at codon 26 [45] and encoded by the same HBB gene. This variant of hemoglobin appears to
reduce erythrocyte invasion by merozoites, lower intra-erythrocytic parasite growth, and enhance
the phagocytosis of infected erythrocytes [46,47]. In 2002, Chotivanich, K. et al. described that
homozygous individuals for HbE have a mild thalassemia phenotype, whereas heterozygotes have
no clinical or hematological manifestations [47]. Hemoglobin E (HbE) trait has been associated with
protection against malaria [47]. Adults with HbE trait were found to have a reduced severity of disease
in field studies [48]. However, more field studies are still needed to provide convincing evidence of
the association between HbE and malaria susceptibility, as requested by other authors [25]. The
severity of acute P. falciparum was ameliorated in the presence of HbE [49]. In sum, epidemiologic
studies have repeatedly shown a positive association of HbEE or HbAE with reduced malaria cases.
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However, the evidence is inconsistent and reported from different countries and regions. Available
data are not sufficient to perform an aggregated analysis such as a standard meta-analysis and a
meta-regression [49].

The rs33950507 SNP responsible for HbE is less frequent in the malaria-endemic regions
compared to HbS and HbC and is most common in parts of Southeast Asia [50]. The distribution
of HbE is primarily limited to the Emerald Triangle region where Thailand, Laos, and Cambodia share
borders, although the frequency of HbE differs among local populations [51], and can reach carriage
rates of 50% in some populations. Analyses of the evolution of the Southeast Asian HbE allele
suggest that it originated within the past 5000 years [52].

3.1.4. Thalassemias

Another hemoglobin structural variant, the thalassemias, is a heterogeneous group of genetic
disorders that result from the reduced or absent synthesis of the α- or β-globin chains in erythroid cells
during hematopoiesis (α2β2) [53]. The thalassemias result from deletions and other disruptions of
globin gene clusters on chromosome 11 and 16 [54]. Alpha-thalassemias originate from deletion and
point mutations of genes encoding the alpha globin chains [55], while more than 200 mutations and
rare deletions in the β-globin gene have been characterized as determinants of β-thalassemias [56].

Globally, the incidence of the thalassemia is high in a broad area extending from the
Mediterranean basin and parts of Africa, throughout the Middle East, the Indian subcontinent,
Southeast Asia, Melanesia and the Pacific Islands [57]. However, mild forms of α-thalassemia, which
result from a single gene deletion (2a/aa), occur in a broad tropical belt stretching from sub-Saharan
Africa through the Mediterranean and Middle East to the Indian subcontinent and the whole of East
and Southeast Asia, while β-thalassemia is known to occur in localized parts of sub-Saharan Africa
and sporadically throughout the Middle East and the Indian subcontinent [32].

The suggestion that thalassemias have been selected by malaria is based mainly on
epidemiological studies. There is a significant altitude- and latitude-dependent correlation between
the frequency of α-thalassemia and the endemicity of Plasmodium falciparum in the Southwest
Pacific [58,59]. Direct evidence of protection of α+ thalassemia trait against severe malaria, both
in homozygote and heterozygote carriers, has been shown in a study conducted in Papua New
Guinea [60]. Polymorphisms at specific loci on human chromosome [61] have also been associated
with susceptibility to malaria infection [62,63]. Moreover, it has been found that complement receptor
1 (CR1) expression, which is required for rosette formation, is reduced on α- thalassemic red cells,
offering a possible mechanism for reduced rosetting [64]. Rosetting is definitively found to contribute
to malaria pathology by causing microvascular obstruction and impaired tissue perfusion [64]. Infected
α- thalassemic red cells were shown to be less able to adhere to human endothelial cells [65,66].
The protective mechanism of thalassemias against malaria disease remains not fully understood [8].
However, it is thought to be multifactorial and related to the reduced expression of β -globin (HBB),
α-globin2 (HBA2), or α-globin1 (HBA1) [67].

3.2. Erythrocyte Surface Protein Modifications

The surface of human red blood cell is covered by antigens that are receptors of parasite ligands
during malaria infection. P. falciparum has an expanded family of erythrocyte binding ligands that
target different sets of human receptors on the erythrocyte [68,69]. Mutations or modifications of
these erythrocyte surface proteins may result in the disruption of ligand–receptor binding directly
or by changing the surface tension or rigidity of the erythrocyte itself, all conferring resistance to
Plasmodium infection. Here, we will focus on two main surface antigens: Duffy blood group antigens
and ABO blood group antigens.

´ DUFFY BLOOD GROUP ANTIGENS.
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The Duffy Antigen Receptor for Chemokines (DARC), also known as Fy glycoprotein (FY) or CD234
(Cluster of Differentiation 234), is a protein that is encoded by the DARC gene [13,68]. The antigen
is a multimeric red cell membrane protein organized into seven transmembrane domains and is a
well-known erythrocyte receptor for P. vivax and P. knowlesi invasion. The DARC-encoding gene
holds multiple allelesm including the codominant Fya and Fyb, producing four primary genotypes:
Fy(a+b+), Fy(a+b´), Fy(a´b+) and Fy(a´b´) [70], with the latter also being referred to as Fy-null [18].
The Fy-null genotype results in a lack of DARC expression on erythroid cells [71]. Red blood cells
that lack the Duffy antigen have been shown to be resistant to invasion by P vivax [13], which is
thought to have contributed to lower burden of P. vivax in some areas of sub-Saharan Africa [72].
The resistant phenotype in black African was describe to be associated with a point mutation at
position T ´33C [72], suggesting that P. vivax only infected Duffy-positive individuals. However,
epidemiological studies, first in Africa [13] and later in Papua New Guinea [73], have revealed P. vivax
infections in Duffy-negative populations, suggesting that there are DARC-independent mechanisms of
P. vivax invasion [57]. Today, several researchers have reported malaria infection on Duffy-negative
individuals, demonstrating the existence of an alternative path of transmission of P. vivax among
Duffy-negative populations [74] to be investigated. A recent work on the transferrin receptor as an
alternative pathway for P. vivax invasion demonstrated that invasion of immature red blood cells by
the Plasmodium vivax is mediated by binding to the hosts transferrin receptor [75].

´ ABO BLOOD GROUP.

Identified by Austrian immunologist Karl Landsteiner in 1901, the ABO blood group constitutes
a series of antigens exhibiting similar serological and physiological characteristics and inherited
according to a specific pattern [76]. The gene ABO encodes the glycosyltransferase enzyme,
which determines the ABO blood group. Association between the ABO blood group and malaria
susceptibility has long been suspected [77]. In fact, Cserti and Dzik suggested that there is substantial
evidence supporting a protective effect of blood group O against malaria [78]. In three African
populations, Fry et al. showed a strong association between type O blood and protection against
severe malaria, and found that this effect was recessive [18], while Bayoumi et al. [77] and Igbeneghu
et al. [79] observed no association between malaria prevalence and ABO blood types in central
Soudan and Nigeria, respectively. Moreover, several other authors found a significant association
between blood group and P. falciparum malaria in cross-sectional and case–control studies in Brazil,
Gabon, India, Sri Lanka and Zimbabwe [80–84]. In fact, Cavalli hypothesized that the distribution
of the major blood groups may reflect natural selection due to population exposure to infectious
disease [85]. Blood group O was found to be less able to form rosettes in acute malarial infections and
provide a protective effect in primigravid women in Ghana [86]. Elsewhere, evidence of a significant
association between severe malaria and blood group A has also been observed [76]. Although the
mechanisms for protection are not fully understood, the association between blood group A and
severe malaria [54,83] is consistent with the low frequency of this blood group in many areas where
malaria is endemic. It is possible that this effect is mediated by the modulation of rosetting, which has
been observed in association with some strains of P. falciparum and different ABO (H) blood types
in particular type O [78]. Genetically, a non-synonymous coding SNP, rs8176746, in ABO that is in
linkage disequilibrium (LD) with the nucleotide deletion that determine type O has been associated, in
a dominant gene model, with increased risk of severe malaria [21]. More recently, Julian Rayner et al.
showed that the Dantu blood group confers resistance to severe malaria through a slight increase in
red cell surface tension, which makes it difficult for Plasmodium falciparum to invade the cell [87].

´ GLYCOPHORINS

The glycophorins constitute a group of red blood cell (RBC) transmembrane proteins that are
important players in membrane biochemistry and cellular biology [88]. Glycophorins are abundant
glycosylated proteins that cover the surface of mature human red blood cells and constitute a receptor
for P. falciparum ligands. There have been five glycophorins described to date, and three of these
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(A, B, and E), underlie the MNS blood grouping system (GYPA, GYPB, and GYPE) [89,90]. The
loci encoding glycophorins A, B and E (which is a duplicated gene) are tandem arrays that span
a total of 300 kb on chromosomal region 4q31-34. These three genes are highly similar to each
other at the nucleotide level (>95%), resulting in unequal recombination and gene conversion [91].
Glycophorin proteins serve as receptors for P. falciparum invasion of red blood cells [92]. The parasite
genome encodes different functionally interchangeable invasion ligands including EBL-140, EBL1,
and EBA-175, which bind to glycophorin C, B, and A, respectively. Although glycophorin A and B are
well-known receptors for P. falciparum [69] and have higher-than-expected rates of nonsynonymous
amino acid substitutions [91], epidemiological data linking specific mutations to resistance to severe
malaria were missing until recently.

A recent study of host genetic determinants of severe malaria risk identified a single nucleotide
variant in linkage disequilibrium with a complex structural variant at the glycophorin locus that
was associated with protection from severe malaria [92]. Leffler demonstrated that a genetic
rearrangement of the genes encoding for glycophorins A and B and that also encodes the Dantu blood
group antigen confers 40% reduced risk of severe malaria [92]. More recently, Dantu blood antigen
has been found to mediate reduced risk for severe malaria through increased surface tension of red
blood cells, which prevents parasite invasion [92]. A similar phenotype is observed with ovalocytosis,
another hereditary red blood cell disorder that yields rigid, elliptical erythrocytes that have been shown
to be resistant to invasion by certain Plasmodium [93].

3.3. Enzymopathies

The most common and well-described enzymopathy that has been found to confer some protections
to malaria is the Glucose-6-phosphate dehydrogenase (G6PD) deficiency. In this paper, we are
reviewing the only G6PD deficiency enzymopathy.

´ GLUCOSE-6-PHOSPHATE DEHYDROGENASE (G6PD) DEFICIENCY.

Glucose-6-phosphate dehydrogenase is an important enzyme that catalyzes the first reaction in the
pentose phosphate pathway of glycolysis [94]. In the erythrocyte, G6PD is the sole enzyme that
protects from the buildup of super-radicals and oxidative stress [95]. G6PD deficiency is the most
common enzymopathy affecting more than 400 million people worldwide [43] with a global prevalence
of 4.9% and a substantial variation among populations [18,37,94,96,97]. The highest prevalence
rates, with gene frequencies ranging from of 5 to 25%, are found in tropical Africa, the Middle East,
tropical and sub-tropical Asia, some parts of the Mediterranean, and in Papua New Guinea [98]. The
G6PD deficiency is less frequent in the Americas (3.4%), Europe (3.9%), and the Pacific (2.9%) as
compared to sub-Saharan Africa (7.5%), the Middle East (6.0%), and Asia (4.7%) [97].

Genetically, the G6PD deficiency is an X-linked disorder that is caused by a reduction in the
number of enzyme molecules or a structural change causing enzyme instability [94]. The gene
that encodes G6PD is 18 kb long, located in a cluster of genes on the distal long arm of the X
chromosome (locus q28). The G6PD gene is one of the most polymorphic loci in the human genome,
with approximately 140 different molecular variants having been identified [94], and contains 13 exons
and 12 introns, the length of which varies between 12 bp and 236 bp [99].

The geographical distribution of G6PD deficiency and its high prevalence in areas that are
holo-endemic for malaria suggested that it might be protective against P. falciparum malaria [91].
However, this hypothesis has been difficult to substantiate via comparison of parasitemia rates
and densities between G6PD-deficient males and normal males [43]. Two SNPs, rs1050828 and
rs1050829, in the G6PD gene have been found to be associated with severe malaria and respiratory
distress [100]. The primary form of G6PD enzyme deficiency in Africa is encoded by the derived allele
at rs1050828, commonly known as G6PD+202T [101]. Similar but weaker associations have been
observed for rs1050829, which marks the ancestral lineage on which G6PD+202 originated [101]. A
recent large study demonstrated that G6PD polymorphism had opposite effects on cerebral malaria
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and severe malarial anemia phenotypes [21,102,103]. Although the protective mechanism of G6PD
deficiency in malaria is not definitive, findings suggest that the protection is related to the susceptibility
of G6PD-deficient erythrocytes to oxidative stress [104], which impaired the growth of parasites in
G6PD-deficient erythrocytes.

3.4. Immunogenetic Factors

Immunological factors are main components of human body defenses against infectious agents and
are classified into two main groups: innate immune system and acquired immune system.

In malaria and most infectious diseases, the innate immune system is the first line defense
against infections pathogens and act by controlling parasite growth and regulating the development
of adaptive immunity [105]. Because pathogens have tremendous opportunities through mutation to
evolve strategies that evade the innate immune defenses, our body obviously develops an adaptive
and specific defense mechanism system known as acquired immunity. This specific acquired
immunity is regulated by immunogenetic factors. Genetic variability in host immune response genes
may account for differences in susceptibility to malaria between groups such as ethnic groups [106].
The immune response induced in humans by infection caused by malaria parasites is complex and
varies depending on the level of endemicity, epidemiological factors, genetic makeup, host age,
parasite stage and parasite species. Repeated infection and continuous exposure are required to
achieve clinical immunity, which reduces the risk of death from malaria and reduces the intensity of
clinical symptoms.

Genes of the major histocompatibility complex (MHC) that encode the human leucocyte antigens
(HLA) are the most polymorphic known in man [107]. As HLA genes have been evolving over millions
of years [108,109], most of the current alleles should have been lost due to genetic drift unless some
form of balancing selection was operating [110] without a predominance of any single allele.

3.5. Host Immunogenetic Polymorphisms

Genetic factors play a key role in the susceptibility, progression, and outcome of infectious
diseases [111] and there is growing evidence linking these to vulnerability to malaria [55]. In West
African children, class I and II human leucocyte antigen (HLA) were found to be independently
associated with protection from severe malaria [112]. T-lymphocyte-dependent mechanisms are
important in providing protective immunity HLA-B, a polymorphic gene that encodes an MHC
class I heavy chain [113,114]. Additionally, a polymorphism in HLA (6p21.3) was found to
affect immunological protection against severe malaria [112]. In The Gambia, Hill demonstrated
that some polymorphisms, an HLA class I antigen, HLA-Bw53, and an HLA class II haplotype
DRB1*1302- DQB1*0501, were associated with reduced susceptibility to severe malaria. Although
both HLA-A24 and HLA-B14 of HLA I were more common among the case of severe malaria,
their frequencies were statistically significantly low [112]. However, the most common antigen
in this Gambian population, the HLA-Bw53, is found to be significantly reduced among cases of
severe malaria as compared to mild malaria or the healthy adults [112]. A genetic screening of a
small Cameroonian population highlighted the roles of five chromosomal regions containing immune
genes influencing the susceptibility to malaria [115,116]. Apinjoh et al. [117] provided evidence
that polymorphisms in IL17 may be associated with uncomplicated malaria in the Cameroonian
population, while SNPs in IL10, IL17RD, IRF1, TLR1and TLR9 may be linked with severe malaria
in general. Polymorphisms in the promoter of coding region(s) of cytokine genes [118,119] may be
critical in the development and clinical course of malaria. However, there was a weak association of
polymorphism of TLR9 with severe malaria in Malawi and The Gambia [120]. The concentrations of
various cytokines increase during malaria, and a high level of circulating TNF-α has been associated
with severe malaria [8,121]. Although TNFα is unquestionably an important mediator of malaria
immunity and pathogenesis, it remains possible that the observed genetic associations with TNFα
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polymorphisms arise from functional variation in neighboring genes [8,122] rather than TNF itself.
These factors play an important role in the protection against clinical malaria. Genetic polymorphisms
of innate immune system and erythrocytes have been proposed as factors protecting against severe
malaria [27,112,123].

The human leukocyte antigen (HLA) complex helps the immune system distinguish the body's
own proteins from proteins made by foreign invaders [124].

Immunogenetic factors underlying resistance against malaria have been thoroughly
investigated [54] and were found to be complex, and mostly adaptive [125]. However, HLA variants
protective properties for malaria appear to be local and not universal [126].

In general, the innate response is more important in early childhood survival from malaria,
whereas adaptive immune response is more important in older children and adults [127].

Several genetic or genomic studies on susceptibility to malaria have been undertaken; however,
the results obtained were conflicting in some cases, due to differences in studied populations [84].
In fact, the HLA polymorphisms, common in West Africans but rare in other races were found to be
associated with protection from severe malaria. In addition, HLA class I antigen (HLA Bw53) and HLA
class II haplotype (DRB1* 13OZ-DQB1*0501) have been independently associated with protection
against severe malaria [128] depending on the genetic constitution of the parasite.

Other determinants of immunological factors such as age and ethnicity were found to influence
the manifestations of malaria in Africa. In fact, the ethnic groups in Africa, such as the Fulani, were
found to be more protected against malaria infection, suggesting that the risk to malaria may involve
the regulation of humoral immune responses [12,129–132]. The low risk to malaria of this ethnic group
implied factors probably involved in the regulation of quantitative and/or qualitative antibody response
already suggested by the higher humoral responses to P. falciparum sporozoite (CSP, TRAP) and
blood-stage antigens (MSA-1, Pf-155 RESA, Pf-332) [12]. Although the mechanisms conferring
enhanced protection against malaria in the Fulani have yet to be precisely determined, prior studies
show that the Fulani tend to have higher levels of P. falciparum-specific immunoglobulin (IgM) [133].
Arama et al. [134] demonstrated that the higher immune response in the Fulani and their protection
from clinical malaria could derive from a functional deficit of T-regulatory cells. It has also been found
in the Fulani ethnic group that the –590T allele of the interleukin-4 promoter was associated with
elevated levels of anti-malaria antibodies [135]. We can also speculate that the cultural differences, in
particular the nomadism and the lifestyle of Fulani living closer to their animals, may make them less
exposed to malaria vectors, while another approach supports the contribution of smell, as influenced
by the dietary tendencies, to the reduced exposure of Fulani to the vectors.

Both cellular and humoral responses are essential to determine the outcome of the initial
infection by malaria parasites, while adaptive immune responses are critically dependent on α/β CD4+

lymphocytes [136]. The concentrations of various cytokines increase during clinical malaria, while
a high levels of circulating factors such as TNF-α have been associated with severe malaria [8,121].
Interleukine-12 (IL-12) appears to be critically essential throughout IFN-production by enabling an
early and sustained Th1 response [136]. Polymorphism of interleukin-3 gene on chromosomal region
5q31-q33 at SNP rs40401 was found to be associated with a protective effect against malaria attacks
in both population- and family-based analyses [137]. Another candidate gene study indicated that
polymorphisms of both TLR1 and TLR6 were significantly associated with mild malaria in a population
from Brazil [138]. Recently, from a case–control study, Domingues [139] suggested an association of
IL10 polymorphism (-3575 T/A) with malaria symptoms.

In summary, immunogenetic factors explain the genetic basis of the immune reaction to disease.

4. Conclusions

Plasmodia have been an adaptive selection force of the human genome during their co-evolution.
There is no unique genetic factor of susceptibility or resistance to malaria in endemic areas despite
some well-known and universally accepted genetic factors already described. Resistance to malaria



Afr. J. Parasitol. Mycol. Entomol., 2023, 1(1): 6 10

appears to be heterogenic and multifactorial; therefore, the role of genetic and non-genetic factors
need to be investigated in low-incidence as well as high-incidence populations in order to improve our
understanding of their contribution to susceptibility to the disease.

Author Contributions: B.F. produced the first draft, reconciliating the edits from co-authors and
submission to editor. S.T.-H. contributed to writing, editing and review of the paper. A.O. participated
in the writing, editing and review of the paper. A.D. coordinated the review paper, contributed to
reviewing, writing, and editing of the paper. All authors have read and agreed to the published version
of the manuscript.

Funding: The WANECAM study is primarily funded by the European and Developing Countries
Clinical Trial Partnership, and is co-funded by the Medicines for Malaria Venture (Geneva, Switzerland)
and the DELTAS Africa Initiative (DELGEME grant 107740/Z/15/Z). The DELTAS Africa Initiative is an
independent funding scheme of the African Academy of Sciences Alliance for Accelerating Excellence
in Science in Africa and is supported by the New Partnership for Africas Development Planning and
Coordinating Agency with funding from the Wellcome Trust (DELGEME grant 107740/Z/15/Z) and the
UK government.

Acknowledgments: The authors special acknowledgments go to the DELTAS Africa Initiative
(DELGEME grant 107740/Z/15/Z). The DELTAS Africa Initiative is an independent funding scheme
of the African Academy of Sciences Alliance for Accelerating Excellence in Science in Africa and is
supported by the New Partnership for Africas Development Planning and Coordinating Agency with
funding from the Wellcome Trust (DELGEME grant 107740/Z/15/Z) and the UK government.

Conflicts of Interest: The authors have no conflicts of interests to declare.

References

1. World Malaria Day 2022. Available online: https://www.who.int/campaigns/world-malaria-day/
2022 (accessed on 12 June 2023).

2. Black, R.E.; Morris, S.S.; Bryce, J. Where and why are 10 million children dying every year?
Lancet 2003. [CrossRef] [PubMed]

3. Ghansah, A.; Amenga-Etego, L.; Amambua-Ngwa, A.; Andagalu, B.; Apinjoh, T.; Bouyou-Akotet,
M.; Cornelius, V.; Golassa, L.; Andrianaranjaka, V.H.; Ishengoma, D.; et al. Monitoring parasite
diversity for malaria elimination in sub-Saharan Africa. Science 2014. [CrossRef] [PubMed]

4. Riley, E.M. The role of MHC- and non-MHC-associated genes in determining the human immune
response to malaria antigens. Parasitology 1996. [CrossRef]

5. Arnot, D. Malaria and the major histocompatibility complex. Parasitol. Today 1989. [CrossRef]
[PubMed]

6. Hartl, D. Principles of Population Genetics, 3rd ed.; Sinauer: Sunderland, MA, USA, 1993.
7. Charlesworth, B. Principles of Population Genetics. 3rd edition (1993-re-issued 1997). By Daniel

L. Hartl and Andrew G. Clark. Sunderland, MA: Sinauer 519 pp. BioEssays 1999, 20, 1055.
[CrossRef]

8. Kwiatkowski, D.P. How malaria has affected the human genome and what human genetics can
teach us about malaria. Am. J. Hum. Genet. 2005. [CrossRef]

9. Williams, T.N.; Wambua, S.; Uyoga, S.; Macharia, A.; Mwacharo, J.K.; Newton, C.R.J.C.;
Maitland, K. Both heterozygous and homozygous α+ thalassemias protect against severe and
fatal Plasmodium falciparum malaria on the coast of Kenya. Blood 2005. [CrossRef]

10. Hedrick, P. Estimation of relative fitnesses from relative risk data and the predicted future of
haemoglobin alleles S and C. J. Evol. Biol. 2004. [CrossRef]

https://www.who.int/campaigns/world-malaria-day/2022
https://www.who.int/campaigns/world-malaria-day/2022
https://doi.org/10.1016/S0140-6736(03)13779-8
https://www.ncbi.nlm.nih.gov/pubmed/12842379
https://doi.org/10.1126/science.1259423
https://www.ncbi.nlm.nih.gov/pubmed/25214619
https://doi.org/10.1017/S0031182000076654
https://doi.org/10.1016/0169-4758(89)90077-X
https://www.ncbi.nlm.nih.gov/pubmed/15463198
https://doi.org/10.1002/(SICI)1521-1878(199812)20:12&lt;1055::AID-BIES14&gt;3.0.CO;2-X
https://doi.org/10.1086/432519
https://doi.org/10.1182/blood-2005-01-0313
https://doi.org/10.1046/j.1420-9101.2003.00635.x


Afr. J. Parasitol. Mycol. Entomol., 2023, 1(1): 6 11

11. Agarwal, A.; Guindo, A.; Cissoko, Y.; Taylor, J.G.; Coulibaly, D.; Kone, A.; Kayentao, K.; Djimde,
A.; Plowe, C.V.; Doumbo, O.; et al. Hemoglobin C associated with protection from severe malaria
in the Dogon of Mali, a West African population with a low prevalence of hemoglobin S. Blood
2000. [CrossRef]

12. Modiano, D.; Luoni, G.; Sirima, B.S.; Lanfrancotti, A.; Petrarca, V.; Cruciani, F.; Simporé, J.;
Ciminelli, B.M.; Foglietta, E.; Grisanti, P.; et al. The lower susceptibility to Plasmodium falciparum
malaria of Fulani of Burkina Faso (West Africa) is associated with low frequencies of classic
malaria-resistance genes. Trans. R. Soc. Trop. Med. Hyg. 2001. [CrossRef]

13. Miller, L.H.; Mason, S.J.; Clyde, D.F.; McGinniss, M.H. The Resistance Factor to Plasmodium
vivax in Blacks. N. Engl. J. Med. 1976, 295, 302–304. [CrossRef] [PubMed]

14. Hill, A.V.S. The immunogenetics of resistance to malaria. Proc. Assoc. Am. Physicians 1999.
[CrossRef]

15. Gilles, H.M. Malaria. Trop. Dis. Bull. 1967, 64, 225–233. [CrossRef] [PubMed]
16. Hill, A.V.S. Genetic susceptibility to malaria and other infectious diseases: From the MHC to the

whole genome. Parasitology 1996. [CrossRef] [PubMed]
17. Weatherall, D.J.; Clegg, J.B. Genetic variability in response to infection: Malaria and after. Genes

Immun. 2002. [CrossRef] [PubMed]
18. Hedrick, P.W. Population genetics of malaria resistance in humans. Heredity 2011. [CrossRef]

[PubMed]
19. Mackinnon, M.J.M.; Mwangi, T.T.W.; Snow, R.W.R.; Marsh, K.; Williams, T.T.N. Heritability of

malaria in Africa. PLoS Med. 2005, 2. [CrossRef]
20. Jepson, A.; Sisay-Joof, F.; Banya, W.; Hassan-King, M.; Frodsham, A.; Bennett, S.; Hill, A.V.S.;

Whittle, H. Genetic linkage of mild malaria to the major histocompatibility complex in Gambian
children: Study of affected sibling pairs. Br. Med. J. 1997, 315, 96–97. [CrossRef]

21. Rockett, K.A.; Clarke, G.M.; Fitzpatrick, K.; Hubbart, C.; Jeffreys, A.E.; Rowlands, K.; Craik, R.;
Jallow, M.; Conway, D.J.; Bojang, K.A.; et al. Reappraisal of known malaria resistance loci in a
large multi-centre study. Nat. Genet. 2014, 46, 1197–1204. [CrossRef]

22. Haldane, J.B.S.; Fisher, R.A. The Genetical Theory of Natural Selection. Math. Gaz. 1931.
[CrossRef]

23. Pauling, L.; Itano, H.A.; Singer, S.J.; Wells, I.C. Sickle cell anemia, a molecular disease. Science
1949, 110, 543–548. [CrossRef] [PubMed]

24. Grossi, M. Hemoglobinopathy. In Pediatric Critical Care; Elsevier: Amsterdam, The Netherlands,
2006; ISBN 9780323018081. [CrossRef]

25. Weatherall, D.J.; Clegg, J.B. Inherited haemoglobin disorders: An increasing global health
problem. Bull. World Health Organ. 2001, 79, 704–712. [CrossRef]

26. Cholera, R.; Brittain, N.J.; Gillrie, M.R.; Lopera-Mesa, T.M.; Diakité, S.A.S.; Arie, T.; Krause,
M.A.; Guindo, A.; Tubman, A.; Fujioka, H.; et al. Impaired cytoadherence of Plasmodium
falciparum-infected erythrocytes containing sickle hemoglobin. Proc. Natl. Acad. Sci. USA
2008. [CrossRef] [PubMed]

27. López, C.; Saravia, C.; Gomez, A.; Hoebeke, J.; Patarroyo, M.A. Mechanisms of
genetically-based resistance to malaria. Gene 2010. [CrossRef] [PubMed]

28. Waltz, X.; Connes, P. Pathophysiology and physical activity in patients with sickle cell anemia.
Mov. Sport Sci. 2014, 83, 41–47. [CrossRef]

29. Allison, A.C.; Clyde, D.F. Malaria in african children with deficient erythrocyte
glucose-6-phosphate dehydrogenase. Br. Med. J. 1961. [CrossRef]

30. Cooke, G.S.; Hill, A.V.S. Genetics of susceptibility to human infectious disease. Nat. Rev. Genet.
2001, 2, 967–977. [CrossRef]

31. Kulozik, A.E.; Wainscoat, J.S.; Serjeant, G.R.; Kar, B.C.; Al-Awamy, B.; Essan, G.J.; Falusi,
A.G.; Haque, S.K.; Hilali, A.M.; Kate, S. Geographical survey of β(S)-globin gene haplotypes:
Evidence for an independent Asian origin of the sickle-cell mutation. Am. J. Hum. Genet. 1986,
39, 239–244.

32. Williams, T.N.; Weatherall, D.J. World distribution, population genetics, and health burden of the
hemoglobinopathies. Cold Spring Harb. Perspect. Med. 2012, 2, a011692. [CrossRef]

33. Luzzatto, L. Sickle cell anaemia and malaria. Mediterr. J. Hematol. Infect. Dis. 2012. [CrossRef]
34. Fairhurst, R.M.; Baruch, D.I.; Brittain, N.J.; Ostera, G.R.; Wallach, J.S.; Hoang, H.L.; Hayton,

K.; Guindo, A.; Makobongo, M.O.; Schwartz, O.M.; et al. Abnormal display of PfEMP-1 on
erythrocytes carrying haemoglobin C may protect against malaria. Nature 2005. [CrossRef]

https://doi.org/10.1182/blood.V96.7.2358
https://doi.org/10.1016/S0035-9203(01)90141-5
https://doi.org/10.1056/NEJM197608052950602
https://www.ncbi.nlm.nih.gov/pubmed/778616
https://doi.org/10.1046/j.1525-1381.1999.99234.x
https://doi.org/10.1097/00001432-198809000-00002
https://www.ncbi.nlm.nih.gov/pubmed/4860128
https://doi.org/10.1017/S003118200007668X
https://www.ncbi.nlm.nih.gov/pubmed/8684839
https://doi.org/10.1038/sj.gene.6363878
https://www.ncbi.nlm.nih.gov/pubmed/12209359
https://doi.org/10.1038/hdy.2011.16
https://www.ncbi.nlm.nih.gov/pubmed/21427751
https://doi.org/10.1371/journal.pmed.0020340
https://doi.org/10.1136/bmj.315.7100.96
https://doi.org/10.1038/ng.3107
https://doi.org/10.2307/3606227
https://doi.org/10.1126/science.110.2865.543
https://www.ncbi.nlm.nih.gov/pubmed/15395398
https://doi.org/10.1016/B978-032301808-1.50080-8
https://doi.org/10.1590/S0042-96862001000800005
https://doi.org/10.1073/pnas.0711401105
https://www.ncbi.nlm.nih.gov/pubmed/18192399
https://doi.org/10.1016/j.gene.2010.07.008
https://www.ncbi.nlm.nih.gov/pubmed/20655368
https://doi.org/10.1051/sm/2013105
https://doi.org/10.1136/bmj.2.5263.1358
https://doi.org/10.1038/35103577
https://doi.org/10.1101/cshperspect.a011692
https://doi.org/10.4084/mjhid.2012.065
https://doi.org/10.1038/nature03631


Afr. J. Parasitol. Mycol. Entomol., 2023, 1(1): 6 12

35. Diallo, D.A.; Doumbo, O.K.; Dicko, A.; Guindo, A.; Coulibaly, D.; Kayentao, K.; Djimdé, A.A.;
Théra, M.A.; Fairhurst, R.M.; Plowe, C.V.; et al. A comparison of anemia in hemoglobin C and
normal hemoglobin A children with Plasmodium falciparum malaria. Acta Trop. 2004. [CrossRef]
[PubMed]

36. Piel, F.B.; Howes, R.E.; Patil, A.P.; Nyangiri, O.A.; Gething, P.W.; Bhatt, S.; Williams, T.N.;
Weatherall, D.J.; Hay, S.I. The distribution of haemoglobin C and its prevalence in newborns
in Africa. Sci. Rep. 2013. [CrossRef] [PubMed]

37. Allison, A.C. Genetic factors in resistance to Malaria. Ann. N. Y. Acad. Sci. 1961. [CrossRef]
[PubMed]

38. Allison, A.C. Observations on the sickling phenomenon and on the distribution of different
haemoglobin types in erythrocyte populations. Clin. Sci. 1956, 15, 497–510.

39. Lopera-Mesa, T.M.; Doumbia, S.; Konaté, D.; Anderson, J.M.; Doumbouya, M.; Keita, A.S.;
Diakité, S.A.S.A.S.; Traoré, K.; Krause, M.A.; Diouf, A.; et al. Effect of red blood cell variants on
childhood malaria in Mali: A prospective cohort study. Lancet Haematol. 2015, 2, e140–e149.
[CrossRef]

40. Modiano, D.; Luoni, G.; Sirima, B.S.; Simporé, J.; Verra, F.; Konaté, A.; Rastrelli, E.; Olivieri,
A.; Calissano, C.; Paganotti, G.M.; et al. Haemoglobin C protects against clinical Plasmodium
falciparum malaria. Nature 2001, 414, 305–308. [CrossRef]

41. Rihet, P.; Flori, L.; Tall, F.; Traoré, A.S.; Fumoux, F. Hemoglobin C is associated with reduced
Plasmodium falciparum parasitemia and low risk of mild malaria attack. Hum. Mol. Genet. 2004.
[CrossRef]

42. Mangano, V.D.; Kabore, Y.; Bougouma, E.C.; Verra, F.; Sepulveda, N.; Bisseye, C.;
Santolamazza, F.; Avellino, P.; Tiono, A.B.; Diarra, A.; et al. Novel Insights into the Protective
Role of Hemoglobin S and C Against Plasmodium falciparum Parasitemia. J. Infect. Dis. 2015,
212, 626–634. [CrossRef]

43. Weatherall, D.J. Genetic variation and susceptibility to infection: The red cell and malaria. Br. J.
Haematol. 2008. [CrossRef]

44. Travassos, M.A.; Coulibaly, D.; Laurens, M.B.; Dembélé, A.; Tolo, Y.; Koné, A.K.; Traoré, K.;
Niangaly, A.; Guindo, A.; Wu, Y.; et al. Hemoglobin C Trait Provides Protection from Clinical
Falciparum Malaria in Malian Children. J. Infect. Dis. 2015. [CrossRef] [PubMed]

45. Chapman, S.J.; Hill, A.V.S. Human genetic susceptibility to infectious disease. Nat. Rev. Genet.
2012. [CrossRef] [PubMed]

46. Hutagalung, R.; Wilairatana, P.; Looareesuwan, S.; Brittenham, G.M.; Aikawa, M.; Gordeuk, V.R.
Influence of Hemoglobin E Trait on the Severity of Falciparum Malaria. J. Infect. Dis. 1999, 179,
283–286. [CrossRef] [PubMed]

47. Chotivanich, K.; Udomsangpetch, R.; Pattanapanyasat, K.; Chierakul, W.; Simpson, J.;
Looareesuwan, S.; White, N. Hemoglobin E: A balanced polymorphism protective against high
parasitemias and thus severe P falciparum malaria. Blood 2002. [CrossRef]

48. Das, S.K.; Talukder, G. A review on the origin and spread of deleterious mutants of the β-globin
gene in Indian populations. HOMO-J. Comp. Hum. Biol. 2001. [CrossRef]

49. Hutagalung, R.; Wilairatana, P.; Looareesuwan, S.; Brittenham, G.M.; Gordeuk, V.R. Influence
of Hemoglobin E Trait on the Antimalarial Effect of Artemisinin Derivatives. J. Infect. Dis. 2000.
[CrossRef]

50. Ha, J.; Martinson, R.; Iwamoto, S.K.; Nishi, A. Hemoglobin E, malaria and natural selection. Evol.
Med. Public Health 2019. [CrossRef]

51. Fucharoen, S.; Winichagoon, P. Hemoglobinopathies in southeast asia. Hemoglobin 1987.
[CrossRef]

52. Ohashi, J.; Naka, I.; Patarapotikul, J.; Hananantachai, H.; Brittenham, G.; Looareesuwan, S.;
Clark, A.G.; Tokunaga, K. Strong linkage disequilibrium of a HbE variant with the (AT)9(T)5
repeat in the BP1 binding site upstream of the beta-globin gene in the Thai population. J. Hum.
Genet. 2005, 50, 7–11. [CrossRef]

53. Mockenhaupt, F.P.; Ehrhardt, S.; Gellert, S.; Otchwemah, R.N.; Dietz, E.; Anemana, S.D.;
Bienzle, U. α+-thalassemia protects African children from severe malaria. Blood 2004.
[CrossRef]

54. Kaslow, R.A.; McNicholl, J.; Hill, A.V.S. Genetic Susceptibility to Infectious Diseases; Oxford
University Press: New York, NY, USA, 2008; ISBN 978-0-19-517490-8.

55. Lima-Junior, J.d.C.; Pratt-Riccio, L.R. Major histocompatibility complex and malaria: Focus on
Plasmodium vivax Infection. Front. Immunol. 2016. [CrossRef]

https://doi.org/10.1016/j.actatropica.2004.02.005
https://www.ncbi.nlm.nih.gov/pubmed/15099817
https://doi.org/10.1038/srep01671
https://www.ncbi.nlm.nih.gov/pubmed/23591685
https://doi.org/10.1111/j.1749-6632.1961.tb31102.x
https://www.ncbi.nlm.nih.gov/pubmed/13682588
https://doi.org/10.1016/S2352-3026(15)00043-5
https://doi.org/10.1038/35104556
https://doi.org/10.1093/hmg/ddh002
https://doi.org/10.1093/infdis/jiv098
https://doi.org/10.1111/j.1365-2141.2008.07085.x
https://doi.org/10.1093/infdis/jiv308
https://www.ncbi.nlm.nih.gov/pubmed/26019283
https://doi.org/10.1038/nrg3114
https://www.ncbi.nlm.nih.gov/pubmed/22310894
https://doi.org/10.1086/314561
https://www.ncbi.nlm.nih.gov/pubmed/9841856
https://doi.org/10.1182/blood.V100.4.1172.h81602001172_1172_1176
https://doi.org/10.1078/0018-442X-00022
https://doi.org/10.1086/315373
https://doi.org/10.1093/emph/eoz034
https://doi.org/10.3109/03630268709036587
https://doi.org/10.1007/s10038-004-0210-z
https://doi.org/10.1182/blood-2003-11-4090
https://doi.org/10.3389/fimmu.2016.00013


Afr. J. Parasitol. Mycol. Entomol., 2023, 1(1): 6 13

56. Higgs, D.R. The molecular basis of α thalassemia. In Disorders of Hemoglobin: Genetics,
Pathophysiology, and Clinical Management, 2nd ed.; Cambridge University Press: Cambridge,
UK, 2009; ISBN 9780511596582. [CrossRef]

57. Sanctis, V.D.; Kattamis, C.; Canatan, D.; Soliman, A.T.; Elsedfy, H.; Karimi, M.; Daar, S.; Wali,
Y.; Yassin, M.; Soliman, N.; et al. β-thalassemia distribution in the old world: An ancient disease
seen from a historical standpoint. Mediterr. J. Hematol. Infect. Dis. 2017. [CrossRef] [PubMed]

58. Yenchitsomanus, P.; Summers, K.M.; Board, P.G.; Bhatia, K.K.; Jones, G.L.; Johnston, K.; Nurse,
G.T. Alpha-thalassemia in Papua New Guinea. Hum. Genet. 1986, 74, 432–437. [CrossRef]
[PubMed]

59. Flint, J.; Hill, A.V.; Bowden, D.K.; Oppenheimer, S.J.; Sill, P.R.; Serjeantson, S.W.; Bana-Koiri,
J.; Bhatia, K.; Alpers, M.P.; Boyce, A.J. High frequencies of alpha-thalassaemia are the result of
natural selection by malaria. Nature 1986, 321, 744–750. [CrossRef] [PubMed]

60. Allen, S.J.; ODonnell, A.; Alexander, N.D.E.; Alpers, M.P.; Peto, T.E.A.; Clegg, J.B.; Weatherall,
D.J. α+-Thalassemia protects children against disease caused by other infections as well as
malaria. Proc. Natl. Acad. Sci. USA 1997. [CrossRef]

61. Flint, J.; Harding, R.M.; Boyce, A.J.; Clegg, J.B. The population genetics of the
haemoglobinopathies. Baillieres. Clin. Haematol. 1998. [CrossRef]

62. Piazza, A.; Mayr, W.R.; Contu, L.; Amoroso, A.; Borelli, I.; Curtoni, E.S.; Marcello, C.; Moroni, A.;
Olivetti, E.; Richiardi, P.; et al. Genetic and population structure of four Sardinian villages. Ann.
Hum. Genet. 1985. [CrossRef]

63. Imrie, H.; Fowkes, F.J.I.; Michon, P.; Tavul, L.; Hume, J.C.C.; Piper, K.P.; Reeder, J.C.; Day,
K.P. Haptoglobin levels are associated with haptoglobin genotype and α+-thalassemia in a
malaria-endemic area. Am. J. Trop. Med. Hyg. 2006. [CrossRef]

64. Cockburn, I.A.; Mackinnon, M.J.; ODonnell, A.; Allen, S.J.; Moulds, J.M.; Baisor, M.; Bockarie,
M.; Reeder, J.C.; Rowe, J.A. A human complement receptor 1 polymorphism that reduces
Plasmodium falciparum rosetting confers protection against severe malaria. Proc. Natl. Acad.
Sci. USA 2004. [CrossRef]

65. Yuthavong, Y.; Butthep, P.; Bunyaratvej, A.; Fucharoen, S.; Khusmith, S. Impaired parasite
growth and increased susceptibility to phagocytosis of Plasmodium falciparum infected
alpha-thalassemia or hemoglobin Constant Spring red blood cells. Am. J. Clin. Pathol. 1988.
[CrossRef]

66. Udomsangpetch, R.; Sueblinvong, T.; Pattanapanyasat, K.; Dharmkrong-at, A.; Kittikalayawong,
A.; Webster, H.K. Alteration in cytoadherence and rosetting of Plasmodium falciparum- infected
thalassemic red blood cells. Blood 1993, 82, 3752–3759. [CrossRef] [PubMed]

67. Farashi, S.; Harteveld, C.L. Molecular basis of α-thalassemia. Blood Cells Mol. Dis. 2018, 70,
43–53. [CrossRef] [PubMed]

68. Gaur, D.; Mayer, D.C.G.; Miller, L.H. Parasite ligand-host receptor interactions during invasion of
erythrocytes by Plasmodium merozoites. Int. J. Parasitol. 2004. [CrossRef] [PubMed]

69. Wright, G.J.; Rayner, J.C. Plasmodium falciparum Erythrocyte Invasion: Combining Function
with Immune Evasion. PLoS Pathog. 2014. [CrossRef]

70. Tournamille, C.; Colin, Y.; Cartron, J.P.; Kim, C.L. Van Disruption of a GATA motif in the Duffy
gene promoter abolishes erythroid gene expression in Duffy–negative individuals. Nat. Genet.
1995. [CrossRef]

71. Höher, G.; Fiegenbaum, M.; Almeida, S. Molecular basis of the Duffy blood group system. Blood
Transfus. 2018. [CrossRef]

72. Battle, K.E.; Lucas, T.C.D.; Nguyen, M.; Howes, R.E.; Nandi, A.K.; Twohig, K.A.; Pfeffer, D.A.;
Cameron, E.; Rao, P.C.; Casey, D.; et al. Mapping the global endemicity and clinical burden of
Plasmodium vivax, 2000–17: A spatial and temporal modelling study. Lancet 2019. [CrossRef]

73. Ménard, D.; Barnadas, C.; Bouchier, C.; Henry-Halldin, C.; Gray, L.R.; Ratsimbasoa, A.; Thonier,
V.; Carod, J.F.; Domarle, O.; Colin, Y.; et al. Plasmodium vivax clinical malaria is commonly
observed in Duffy-negative Malagasy people. Proc. Natl. Acad. Sci. USA 2010. [CrossRef]

74. Golassa, L.; Amenga-Etego, L.; Lo, E.; Amambua-Ngwa, A. The biology of unconventional
invasion of Duffy-negative reticulocytes by Plasmodium vivax and its implication in malaria
epidemiology and public health. Malar. J. 2020, 19. [CrossRef]

75. Gruszczyk, J.; Kanjee, U.; Chan, L.J.; Menant, S.; Malleret, B.; Lim, N.T.Y.; Schmidt, C.Q.; Mok,
Y.F.; Lin, K.M.; Pearson, R.D.; et al. Transferrin receptor 1 is a reticulocyte-specific receptor for
Plasmodium vivax. Science 2018, 359, 48–55. [CrossRef]

76. Cserti, C.M.; Dzik, W.H. The ABO blood group system and Plasmodium falciparum malaria.
Blood 2007. [CrossRef]

https://doi.org/10.1017/CBO9780511596582.019
https://doi.org/10.4084/mjhid.2017.018
https://www.ncbi.nlm.nih.gov/pubmed/28293406
https://doi.org/10.1007/BF00280500
https://www.ncbi.nlm.nih.gov/pubmed/2878871
https://doi.org/10.1038/321744a0
https://www.ncbi.nlm.nih.gov/pubmed/3713863
https://doi.org/10.1073/pnas.94.26.14736
https://doi.org/10.1016/S0950-3536(98)80069-3
https://doi.org/10.1111/j.1469-1809.1985.tb01675.x
https://doi.org/10.4269/ajtmh.2006.74.965
https://doi.org/10.1073/pnas.0305306101
https://doi.org/10.1093/ajcp/89.4.521
https://doi.org/10.1182/blood.V82.12.3752.3752
https://www.ncbi.nlm.nih.gov/pubmed/8260712
https://doi.org/10.1016/j.bcmd.2017.09.004
https://www.ncbi.nlm.nih.gov/pubmed/29032940
https://doi.org/10.1016/j.ijpara.2004.10.010
https://www.ncbi.nlm.nih.gov/pubmed/15582519
https://doi.org/10.1371/journal.ppat.1003943
https://doi.org/10.1038/ng0695-224
https://doi.org/10.2450/2017.0119-16
https://doi.org/10.1016/S0140-6736(19)31096-7
https://doi.org/10.1073/pnas.0912496107
https://doi.org/10.1186/s12936-020-03372-9
https://doi.org/10.1126/science.aan1078
https://doi.org/10.1182/blood-2007-03-077602


Afr. J. Parasitol. Mycol. Entomol., 2023, 1(1): 6 14

77. Bayoumi, R.A.; Bashir, A.H.; Abdulhadi, N.H. Resistance to falciparum malaria among adults in
central Sudan. Am. J. Trop. Med. Hyg. 1986. [CrossRef] [PubMed]

78. Cserti-Gazdewich, C.M.; Dhabangi, A.; Musoke, C.; Ssewanyana, I.; Ddungu, H.;
Nakiboneka-Ssenabulya, D.; Nabukeera-Barungi, N.; Mpimbaza, A.; Dzik, W.H. Cytoadherence
in paediatric malaria: ABO blood group, CD36, and ICAM1 expression and severe Plasmodium
falciparum infection. Br. J. Haematol. 2012. [CrossRef] [PubMed]

79. Igbeneghu, C.; Odaibo, G.N.; Olaleye, D.O.; Odaibo, A.B. Malaria infection and ABO blood
grouping in Iwo community, Southwestern Nigeria. Res. J. Med. Sci. 2012, 6, 247–250.
[CrossRef]

80. Beiguelman, B.; Alves, F.P.; Moura, M.M.; Engracia, V.; Nunes, A.C.S.; Heckmann, M.I.O.;
Ferreira, R.G.M.; Pereira Da Silva, L.H.; Camargo, E.P.; Krieger, H. The Association of Genetic
Markers and Malaria Infection in the Brazilian Western Amazonian Region. Mem. Inst. Oswaldo
Cruz 2003. [CrossRef] [PubMed]

81. Pant, C.S.; Gupta, D.K.; Sharma, R.C.; Gautam, A.S.; Bhatt, R.M. Frequency of ABO blood
groups, sickle-cell haemoglobin, G-6-PD deficiency and their relation with malaria in scheduled
castes and scheduled tribes of Kheda District, Gujarat. Indian J. Malariol. 1992, 29, 235–239.
[PubMed]

82. Stefani, A.; Roux, E.; Fotsing, J.M.; Carme, B. Studying relationships between environment and
malaria incidence in Camopi (French Guiana) through the objective selection of buffer-based
landscape characterisations. Int. J. Health Geogr. 2011. [CrossRef]

83. Fischer, P.R.; Boone, P. Short report: Severe malaria associated with blood group. Am. J. Trop.
Med. Hyg. 1998, 58, 122–123. [CrossRef]

84. Migot-Nabias, F.; Mombo, L.E.; Luty, A.J.F.; Dubois, B.; Nabias, R.; Bisseye, C.; Millet, P.; Lu,
C.Y.; Deloron, P. Human genetic factors related to susceptibility to mild malaria in Gabon. Genes
Immun. 2000. [CrossRef]

85. Cavalli-Sforza, L.L.; Feldman, M.W. The application of molecular genetic approaches to the study
of human evolution. Nat. Genet. 2003. [CrossRef]

86. Bedu-Addo, G.; Gai, P.P.; Meese, S.; Eggelte, T.A.; Thangaraj, K.; Mockenhaupt, F.P. Reduced
prevalence of placental malaria in primiparae with blood group O. Malar. J. 2014. [CrossRef]

87. Kariuki, S.N.; Marin-Menendez, A.; Introini, V.; Ravenhill, B.J.; Lin, Y.C.; Macharia, A.; Makale, J.;
Tendwa, M.; Nyamu, W.; Kotar, J.; et al. Red blood cell tension protects against severe malaria
in the Dantu blood group. Nature 2020. [CrossRef] [PubMed]

88. Naik, R.S.; Branch, O.L.H.; Woods, A.S.; Vijaykumar, M.; Perkins, D.J.; Nahlen, B.L.; Lal, A.A.;
Cotter, R.J.; Costello, C.E.; Ockenhouse, C.F.; et al. Glycosylphosphatidylinositol anchors of
Plasmodium falciparum: Molecular characterization and naturally elicited antibody response that
may provide immunity to malaria pathogenesis. J. Exp. Med. 2000. [CrossRef] [PubMed]

89. Reid, M.E. MNS blood group system: A review. Immunohematology 2009, 25, 95–101.
[CrossRef] [PubMed]

90. Pasvol, G.; Jungery, M.; Weatherall, D.J.; Parsons, S.F.; Anstee, D.J.; Tanner, M.J.A. Glycophorin
as a possible receptor for plasmodium falciparum. Lancet 1982. [CrossRef] [PubMed]

91. Ko, W.Y.; Kaercher, K.A.; Giombini, E.; Marcatili, P.; Froment, A.; Ibrahim, M.; Lema, G.; Nyambo,
T.B.; Omar, S.A.; Wambebe, C.; et al. Effects of natural selection and gene conversion on
the evolution of human glycophorins coding for MNS blood polymorphisms in malaria-endemic
African populations. Am. J. Hum. Genet. 2011. [CrossRef]

92. Leffler, E.M.; Band, G.; Busby, G.B.J.; Kivinen, K.; Le, Q.S.; Clarke, G.M.; Bojang, K.A.; Conway,
D.J.; Jallow, M.; Sisay-Joof, F.; et al. Resistance to malaria through structural variation of red
blood cell invasion receptors. Science 2017, 356, 1140–1152. [CrossRef]

93. Jarolim, P.; Palek, J.; Amato, D.; Hassan, K.; Sapak, P.; Nurse, G.T.; Rubin, H.L.; Zhai, S.;
Sahr, K.E.; Liu, S.C. Deletion in erythrocyte band 3 gene in malaria-resistant Southeast Asian
ovalocytosis. Proc. Natl. Acad. Sci. USA 1991. [CrossRef]

94. Cappellini, M.D.M.; Fiorelli, G. Glucose-6-phosphate dehydrogenase deficiency. Lancet 2008,
371, 64–74. [CrossRef]

95. Monteiro, W.M.; Franca, G.P.; Melo, G.C.; Queiroz, A.L.M.; Brito, M.; Peixoto, H.M.; Oliveira,
M.R.F.; Romero, G.A.S.; Bassat, Q.; Lacerda, M.V.G. Clinical complications of G6PD deficiency
in Latin American and Caribbean populations: Systematic review and implications for malaria
elimination programmes. Malar. J. 2014. [CrossRef]

96. Tishkoff, S.A.; Varkonyi, R.; Cahinhinan, N.; Abbes, S.; Argyropoulos, G.; Destro-Bisol, G.;
Drousiotou, A.; Dangerfield, B.; Lefranc, G.; Loiselet, J.; et al. Haplotype diversity and linkage
disequilibrium at human G6PD: Recent origin of alleles that confer malarial resistance. Science
2001. [CrossRef] [PubMed]

https://doi.org/10.4269/ajtmh.1986.35.45
https://www.ncbi.nlm.nih.gov/pubmed/2936261
https://doi.org/10.1111/bjh.12014
https://www.ncbi.nlm.nih.gov/pubmed/22909232
https://doi.org/10.3923/rjmsci.2012.247.250
https://doi.org/10.1590/S0074-02762003000400004
https://www.ncbi.nlm.nih.gov/pubmed/12937753
https://www.ncbi.nlm.nih.gov/pubmed/1291344
https://doi.org/10.1186/1476-072X-10-65
https://doi.org/10.4269/ajtmh.1998.58.122
https://doi.org/10.1038/sj.gene.6363703
https://doi.org/10.1038/ng1113
https://doi.org/10.1186/1475-2875-13-289
https://doi.org/10.1038/s41586-020-2726-6
https://www.ncbi.nlm.nih.gov/pubmed/32939086
https://doi.org/10.1084/jem.192.11.1563
https://www.ncbi.nlm.nih.gov/pubmed/11104799
https://doi.org/10.21307/immunohematology-2019-240
https://www.ncbi.nlm.nih.gov/pubmed/20406014
https://doi.org/10.1016/S0140-6736(82)90157-X
https://www.ncbi.nlm.nih.gov/pubmed/6127459
https://doi.org/10.1016/j.ajhg.2011.05.005
https://doi.org/10.1126/science.aam6393
https://doi.org/10.1073/pnas.88.24.11022
https://doi.org/10.1016/S0140-6736(08)60073-2
https://doi.org/10.1186/1475-2875-13-70
https://doi.org/10.1126/science.1061573
https://www.ncbi.nlm.nih.gov/pubmed/11423617


Afr. J. Parasitol. Mycol. Entomol., 2023, 1(1): 6 15

97. Nkhoma, E.T.; Poole, C.; Vannappagari, V.; Hall, S.A.; Beutler, E. The global prevalence of
glucose-6-phosphate dehydrogenase deficiency: A systematic review and meta-analysis. Blood
Cells Mol. Dis. 2009. [CrossRef] [PubMed]

98. Luzzatto, L. New developments in glucose-6-phosphate dehydrogenase deficiency. Isr. J. Med.
Sci. 1973, 9, 1484–1498. [PubMed]

99. Martini, G.; Toniolo, D.; Vulliamy, T.; Luzzatto, L.; Dono, R.; Viglietto, G.; Paonessa, G.; DUrso,
M.; Persico, M.G. Structural analysis of the X-linked gene encoding human glucose 6-phosphate
dehydrogenase. EMBO J. 1986. [CrossRef] [PubMed]

100. Manjurano, A.; Clark, T.G.; Nadjm, B.; Mtove, G.; Wangai, H.; Sepulveda, N.; Campino, S.G.;
Maxwell, C.; Olomi, R.; Rockett, K.R.; et al. Candidate Human Genetic Polymorphisms and
Severe Malaria in a Tanzanian Population. PLoS One 2012. [CrossRef] [PubMed]

101. Hirono, A.; Beutler, E. Molecular cloning and nucleotide sequence of cDNA for human
glucose-6-phosphate dehydrogenase variant A(-). Proc. Natl. Acad. Sci. USA 1988. [CrossRef]

102. Clarke, G.M.; Rockett, K.; Kivinen, K.; Hubbart, C.; Jeffreys, A.E.; Rowlands, K.; Jallow, M.;
Conway, D.J.; Bojang, K.A.; Pinder, M.; et al. Characterisation of the opposing effects of G6PD
deficiency on cerebral malaria and severe malarial anaemia. Elife 2017, 6. [CrossRef]

103. Watson, J.; Taylor, W.R.J.; Menard, D.; Kheng, S.; White, N.J. Modelling primaquine-induced
haemolysis in G6PD deficiency. Elife 2017, 6. [CrossRef]

104. Cappadoro, M.; Giribaldi, G.; OBrien, E.; Turrini, F.; Mannu, F.; Ulliers, D.; Simula, G.; Luzzatto,
L.; Arese, P. Early phagocytosis of glucose-6-phosphate dehydrogenase (G6PD)-deficient
erythrocytes parasitized by Plasmodium falciparum may explain malaria protection in G6PD
deficiency. Blood 1998, 92, 2527–2534. [CrossRef]

105. Dockrell, H.M. Roitts essential immunology. Trans. R. Soc. Trop. Med. Hyg. 2002. [CrossRef]
106. Shelton, J.M.G.; Corran, P.; Risley, P.; Silva, N.; Hubbart, C.; Jeffreys, A.; Rowlands, K.; Craik,

R.; Cornelius, V.; Hensmann, M.; et al. Genetic determinants of anti-malarial acquired immunity
in a large multi-centre study. Malar. J. 2015. [CrossRef] [PubMed]

107. Dupont, B. Immunobiology of HLA; Springer: Berlin/Heidelberg, Germany, 1989; Volume 1.
[CrossRef]

108. Lawlor, D.A.; Dickel, C.D.; Hauswirth, W.W.; Parham, P. Ancient HLA genes from 7,500-year-old
archaeological remains. Nature 1991, 349, 785–788. [CrossRef] [PubMed]

109. Figueroa, F.; Gúnther, E.; Klein, J. MHC polymorphism pre-dating speciation. Nature 1988.
[CrossRef] [PubMed]

110. Takahata, N. Gene genealogy in three related populations: Consistency probability between
gene and population trees. Genetics 1989, 122, 957–966. [CrossRef]

111. Fortin, A.; Stevenson, M.M.; Gros, P. Susceptibility to malaria as a complex trait: Big pressure
from a tiny creature. Hum. Mol. Genet. 2002, 11, 2469–2478. [CrossRef]

112. Hill, A.V.S.; Allsopp, C.E.M.; Kwiatkowski, D.; Anstey, N.M.; Twumasi, P.; Rowe, P.A.; Bennett,
S.; Brewster, D.; McMichael, A.J.; Greenwood, B.M. Common West African HLA antigens are
associated with protection from severe malaria. Nature 1991, 352, 595–600. [CrossRef]

113. Taverne, J.; Depledge, P.; Playfair, J.H.L. Differential sensitivity in vivo of lethal and nonlethal
malarial parasites to endotoxin-induced serum factor. Infect. Immun. 1982, 37, 927–934.
[CrossRef]

114. Nardin, E.H.; Nussenzweig, R.S.; Altszuler, R.; Herrington, D.; Levine, M.; Murphy, J.; Davis, J.;
Bathurst, I.; Barr, P.; Romero, P.; et al. Cellular and humoral immune responses to a recombinant
P. falciparum CS protein in sporozoite-immunized rodents and human volunteers. Bull. World
Health Organ. 1990, 68, 85.

115. Brisebarre, A.; Kumulungui, B.; Sawadogo, S.; Atkinson, A.; Garnier, S.; Fumoux, F.;
Rihet, P. A genome scan for Plasmodium falciparum malaria identifies quantitative trait loci on
chromosomes 5q31, 6p21.3, 17p12, and 19p13. Malar. J. 2014, 13, 198. [CrossRef]

116. Marquet, S.; Garcia, A.; Fievet, N.; Cot, M.; Hillaire, D.; Bucheton, B.; Abel, L.; Dessein, A.J.;
Marquet, S.; Bucheton, B.; et al. Linkage analysis of blood Plasmodium falciparum levels:
Interest of the 5q31-q33 chromosome region. Am. J. Trop. Med. Hyg. 1998, 58, 705–709.
[CrossRef]

117. Apinjoh, T.O.; Anchang-Kimbi, J.K.; Njua-Yafi, C.; Mugri, R.N.; Ngwai, A.N.; Rockett, K.A.;
Mbunwe, E.; Besingi, R.N.; Clark, T.G.; Kwiatkowski, D.P.; et al. Association of cytokine and
toll-like receptor gene polymorphisms with severe malaria in three regions of cameroon. PLoS
ONE 2013. [CrossRef] [PubMed]

https://doi.org/10.1016/j.bcmd.2008.12.005
https://www.ncbi.nlm.nih.gov/pubmed/19233695
https://www.ncbi.nlm.nih.gov/pubmed/4152522
https://doi.org/10.1002/j.1460-2075.1986.tb04436.x
https://www.ncbi.nlm.nih.gov/pubmed/2428611
https://doi.org/10.1371/journal.pone.0047463
https://www.ncbi.nlm.nih.gov/pubmed/23144702
https://doi.org/10.1073/pnas.85.11.3951
https://doi.org/10.7554/eLife.15085
https://doi.org/10.7554/eLife.23061
https://doi.org/10.1182/blood.V92.7.2527
https://doi.org/10.1016/S0035-9203(02)90267-1
https://doi.org/10.1186/s12936-015-0833-x
https://www.ncbi.nlm.nih.gov/pubmed/26314886
https://doi.org/10.1007/978-1-4612-3552-1
https://doi.org/10.1038/349785a0
https://www.ncbi.nlm.nih.gov/pubmed/2000147
https://doi.org/10.1038/335265a0
https://www.ncbi.nlm.nih.gov/pubmed/3137477
https://doi.org/10.1093/genetics/122.4.957
https://doi.org/10.1093/hmg/11.20.2469
https://doi.org/10.1038/352595a0
https://doi.org/10.1128/iai.37.3.927-934.1982
https://doi.org/10.1186/1475-2875-13-198
https://doi.org/10.4269/ajtmh.1998.58.705
https://doi.org/10.1371/journal.pone.0081071
https://www.ncbi.nlm.nih.gov/pubmed/24312262


Afr. J. Parasitol. Mycol. Entomol., 2023, 1(1): 6 16

118. Ouma, C.; Davenport, G.C.; Awandare, G.A.; Keller, C.C.; Were, T.; Otieno, M.F.; Vulule, J.M.;
Martinson, J.; Ongecha, J.M.; Ferrell, R.E.; et al. Polymorphic Variability in the Interleukin (IL)-1β
Promoter Conditions Susceptibility to Severe Malarial Anemia and Functional Changes in IL-1β
Production | The Journal of Infectious Diseases | Oxford Academic. J. Infect. Dis. 2008, 198,
1219–1226. [CrossRef] [PubMed]

119. Cramer, J.P.; Mockenhaupt, F.P.; Ehrhardt, S.; Burkhardt, J.; Otchwemah, R.N.; Dietz, E.;
Gellert, S.; Bienzle, U. iNOS promoter variants and severe malaria in Ghanaian children. Trop.
Med. Int. Health 2004, 9, 1074–1080. [CrossRef]

120. Campino, S.; Forton, J.; Auburn, S.; Fry, A.; Diakite, M.; Richardson, A.; Hull, J.; Jallow, M.;
Sisay-Joof, F.; Pinder, M.; et al. TLR9 polymorphisms in African populations: No association
with severe malaria, but evidence of cis-variants acting on gene expression. Malar. J. 2009, 8,
44. [CrossRef] [PubMed]

121. Kinra, P.; Dutta, V. Serum TNF alpha levels: A prognostic marker for assessment of severity of
malaria. Trop. Biomed. 2013, 30, 645–653. [PubMed]

122. Diakite, M.; Clark, T.G.; Auburn, S.; Campino, S.; Fry, A.E.; Green, A.; Morris, A.P.; Richardson,
A.; Jallow, M.; Sisay-Joof, F.; et al. A genetic association study in the Gambia using tagging
polymorphisms in the major histocompatibility complex class III region implicates a HLA-B
associated transcript 2 polymorphism in severe malaria susceptibility. Hum. Genet. 2009.
[CrossRef]

123. Rani, A.; Nawaz, S.K.; ARSHAD, M.; IRFAN, S. Role of rs4986790 polymorphism of tlr4 gene
in susceptibility towards malaria infection in the pakistani population. Iran. J. Public Health 2018,
47, 735–741.

124. Anstey, N.M.; Price, R.N.; Davis, T.M.E.; Karunajeewa, H.A.; Mueller, I.; DAlessandro, U.;
Massougbodji, A.; Nikiema, F.; Ouédraogo, J.-B.; Tinto, H.; et al. The effect of dose on the
antimalarial efficacy of artemether-lumefantrine: A systematic review and pooled analysis of
individual patient data. Lancet Infect. Dis. 2015, 15. [CrossRef]

125. Langhorne, J.; Ndungu, F.M.; Sponaas, A.M.; Marsh, K. Immunity to malaria: More questions
than answers. Nat. Immunol. 2008. [CrossRef]

126. Hill, A.V.; Yates, S.N.; Allsopp, C.E.; Gupta, S.; Gilbert, S.C.; Lalvani, A.; Aidoo, M.; Davenport,
M.; Plebanski, M. Human leukocyte antigens and natural selection by malaria. Philos. Trans. R.
Soc. Lond. B. Biol. Sci. 1994. [CrossRef]

127. Doolan, D.L.; Dobaño, C.; Baird, J.K. Acquired immunity to Malaria. Clin. Microbiol. Rev. 2009.
[CrossRef]

128. Lyke, K.E.; Fernández-Via, M.A.; Cao, K.; Hollenbach, J.; Coulibaly, D.; Kone, A.K.; Guindo,
A.; Burdett, L.A.; Hartzman, R.J.; Wahl, A.R.; et al. Association of HLA alleles with Plasmodium
falciparum severity in Malian children. Tissue Antigens 2011. [CrossRef] [PubMed]

129. Henry, B.; Roussel, C.; Ndour, P.A.; Carucci, M.; Duez, J.; Fricot, A.; Aussenac, F.; Akpovi, H.;
Courtin, D.; Clain, J.; et al. Red Blood Cell Deformability, Age, Ethnicity and Susceptibility to
Malaria in Africa. Blood 2016. [CrossRef]

130. Arama, C.; Quin, J.E.; Kouriba, B.; Farrants, A.K.Ö.; Troye-Blomberg, M.; Doumbo, O.K.
Epigenetics and malaria susceptibility/protection: A missing piece of the puzzle. Front. Immunol.
2018. [CrossRef]

131. Dolo, A.; Modiano, D.; Maiga, B.; Daou, M.; Dolo, G.; Guindo, H.; Ba, M.; Maiga, H.; Coulibaly,
D.; Perlman, H.; et al. Difference in susceptibility to malaria between two sympatric ethnic groups
in Mali. Am. J. Trop. Med. Hyg. 2005, 72, 243–248. [CrossRef] [PubMed]

132. Greenwood, B.M.; Groenendaal, F.; Bradley, A.K.; Greenwood, A.M.; Shenton, F.; Tulloch, S.;
Hayes, R. Ethnic differences in the prevalence of splenomegaly and malaria in The Gambia. Ann.
Trop. Med. Parasitol. 1987, 81, 345–354. [CrossRef]

133. Bolad, A.; Farouk, S.E.; Israelsson, E.; Dolo, A.; Doumbo, O.K.; Nebié, I.; Maiga, B.; Kouriba, B.;
Luoni, G.; Sirima, B.S.; et al. Distinct interethnic differences in immunoglobulin G class/subclass
and immunoglobulin M antibody responses to malaria antigens but not in immunoglobulin G
responses to nonmalarial antigens in sympatric tribes living in West Africa. Scand. J. Immunol.
2005. [CrossRef]

134. Arama, C.; Skinner, J.; Doumtabe, D.; Portugal, S.; Tran, T.M.; Jain, A.; Traore, B.; Doumbo,
O.K.; Davies, D.H.; Troye-Blomberg, M.; et al. Genetic Resistance to Malaria Is Associated
With Greater Enhancement of Immunoglobulin (Ig)M Than IgG Responses to a Broad Array of
Plasmodium falciparum Antigens. Open Forum Infect. Dis. 2015, 2. [CrossRef]

135. Luoni, G.; Verra, F.; Arcà, B.; Sirima, B.S.; Troye-Blomberg, M.; Coluzzi, M.; Kwiatkowski, D.;
Modiano, D. Antimalarial antibody levels and IL4 polymorphism in the Fulani of West Africa.
Genes Immun. 2001. [CrossRef]

https://doi.org/10.1086/592055
https://www.ncbi.nlm.nih.gov/pubmed/18781863
https://doi.org/10.1111/j.1365-3156.2004.01312.x
https://doi.org/10.1186/1475-2875-8-44
https://www.ncbi.nlm.nih.gov/pubmed/19284650
https://www.ncbi.nlm.nih.gov/pubmed/24522135
https://doi.org/10.1007/s00439-008-0597-2
https://doi.org/10.1016/S1473-3099(15)70024-1
https://doi.org/10.1038/ni.f.205
https://doi.org/10.1098/rstb.1994.0155
https://doi.org/10.1128/CMR.00025-08
https://doi.org/10.1111/j.1399-0039.2011.01661.x
https://www.ncbi.nlm.nih.gov/pubmed/21447146
https://doi.org/10.1182/blood.V128.22.2441.2441
https://doi.org/10.3389/fimmu.2018.01733
https://doi.org/10.4269/ajtmh.2005.72.243
https://www.ncbi.nlm.nih.gov/pubmed/15772314
https://doi.org/10.1080/00034983.1987.11812130
https://doi.org/10.1111/j.1365-3083.2005.01587.x
https://doi.org/10.1093/ofid/ofv118
https://doi.org/10.1038/sj.gene.6363797


Afr. J. Parasitol. Mycol. Entomol., 2023, 1(1): 6 17

136. Angulo, I.; Fresno, M. Cytokines in the pathogenesis of and protection against malaria. Clin.
Diagn. Lab. Immunol. 2002. [CrossRef]

137. Meyer, C.G.; Fernandes, M.H.C.; Intemann, C.D.; Kreuels, B.; Kobbe, R.; Kreuzberg, C.; Ayim,
M.; Ruether, A.; Loag, W.; Ehmen, C.; et al. IL3 variant on chromosomal region 5q31-33 and
protection from recurrent malaria attacks. Hum. Mol. Genet. 2011. [CrossRef] [PubMed]

138. Leoratti, F.M.S.; Durlacher, R.R.; Lacerda, M.V.G.; Alecrim, M.G.; Ferreira, A.W.; Sanchez,
M.C.A.; Moraes, S.L. Pattern of humoral immune response to Plasmodium falciparum blood
stages in individuals presenting different clinical expressions of malaria. Malar. J. 2008.
[CrossRef] [PubMed]

139. Domingues, W.; Kanunfre, K.A.; Rodrigues, J.C.; Teixeira, L.E.; Yamamoto, L.; Okay, T.S.
Preliminary report on the putative association of il10 -3575 T/A genetic polymorphism with
malaria symptoms. Rev. Inst. Med. Trop. Sao Paulo 2016, 58. [CrossRef] [PubMed]

https://doi.org/10.1128/CDLI.9.6.1145-1152.2002
https://doi.org/10.1093/hmg/ddq562
https://www.ncbi.nlm.nih.gov/pubmed/21224257
https://doi.org/10.1186/1475-2875-7-186
https://www.ncbi.nlm.nih.gov/pubmed/18816374
https://doi.org/10.1590/s1678-9946201658030
https://www.ncbi.nlm.nih.gov/pubmed/27074324

	Introduction 
	Methods 
	Results and Discussion 
	Hemoglobinopathies 
	Hemoglobin S 
	Hemoglobin C 
	Hemoglobin E 
	Thalassemias 

	Erythrocyte Surface Protein Modifications 
	Enzymopathies 
	Immunogenetic Factors 
	Host Immunogenetic Polymorphisms 

	Conclusions 
	References

